A methodology is proposed to evaluate the reliability of composites. Micromechanical analysis is utilized as a basis for the representation of the effects of constituent properties on global response. The analysis is then combined with the models of structural reliability to study the influence of micro-level material parameters on reliability of composites under static loadings.
Reliability
The reliability of civil and mechanical structures have been studied by several researchers [1, 2] . The 1991 ASME Conference on Reliability, Stress Analysis, and Failure Prevention has been offered as a partial answer to the need for more accurate design tools [2] . This has led to methods that make it possible to estimate close bounds for reliability of various kinds of engineering structures. However, for components or structures made of composite materials, most of the research still deals with analysis-type of problems which evaluate certain properties and response such as stiffness and stress, rather than design-type of problems that address performance such as reliability. This is partially due to the complexity of composite material systems. Reference [3] , one of the very few papers in the literature dealing with probabilistic reliability of composite materials, uses a phenomenological, macro level approach. This approach has to be integrated with models of micromechanical analysis to represent the effects that constitutive (or micro) level properties such as matrix, fiber and interface properties have on reliability of composites.
To compute the probabilistic reliability of a structural system, there is a need for consideration of all significant failure modes. When any failure mode occurs, the structure has failed. The techniques of structural reliability can be used in evaluating the reliability of composite material systems when laminae of a laminate are considered as components of the system.
There are totally N laminae in the laminate. The safety margin, F i , of the ith lamina is defined by using the Tsai-Hill criterion [4] 2~2 't 12 2 _ <J 1<J2
where <Jt' <J 2 and 't 12 are on-axis stress components in-plane of the ith lamina; X, Y and S are (tension or compression, depending on the loading) longitudinal, transverse, and shear strength based on the micromechanical models. The subscript i in Eq. (l) indicates the dependence of the quantity on the ith lamina. Failure of a lamina is assumed to occur when F i is less than zero.
The safety index,~i ' of the ith lamina, is defined as
where Jl(F i ) and O'(F i ) are the mean and standard deviation of the safety margin F i , respectively. By applying Ditlevsen's [1] narrow bounds theory of reliability for structural systems to the composites material, upper and lower bounds of the joint probability of failure modes i and j arẽ~w~.
where p is the correlation coefficient of failure modes i and j, and cI> is the normal probability function,
The upper and lower bounds on failure probability of the composite are
i=2 j=1
where P ij are the average values from Eq. (3), and P f = <I> (-P f ), is the failure probability of the ith lamina. The reliability of the laminate is then found to be R = 1-P.
Micromechanical Models of Strength
The safety margin, F i , in Eq. (1) and therefore, the reliability of the laminate, P, in Eq. (5), depend on the longitudinal, transverse, and shear strengths X, Y and S. These lamina strengths are related directly to constituent properties through micromechanical models of strength. Recently, there have been remarkable advances in the micromechanical representations of stress states in continuous and discontinuous fiber-reinforced composite material systems. Gao and Reifsnider [5] and Gao [6] have developed micromechanical models which include the statistical distributions of fiber strength, interfacial bonding strength, and which address the stress re-distribution due to fiber fracture propagation. The models provide a unique opportunity to study the influence of micromechanical parameters, including properties of fiber and matrix, interfacial bonding, on tensile failure. They also makes it possible to analyze the effect of material properties on the optimal reliability of composite materials for tensile-controlled performance.
Assuming the fiber strength is characterized by a Weibull distribution, the probability of failure of a fiber with length L, under a constant stress 0', is given as [5] am PfO')=I-Exp{-L(-) } (6) 0'0 where m and 0'0 are parameters of the distribution. If there is a total of N fibers in the ith lamina, and the number of r adjacent fibers broken together (called a r-plet) that will have been created by (7) the time the stress rises to o, is denoted as Qr' then the following iterative relation is obtained [5] C m + 1_1 { r o m Q r+ 1=Qrnr l-Exp[-20 r (C -1)(m+l) (-) ]} r 0'0 where C is the stress concentration factor at the adjacent unbroken fibers, n is the number of r r nearest neighbors a r-plet has, Or is called ineffective length, indicating the distance of stress disturbance caused by fiber fractures. A diagram of 0' versus Q r based upon Eq. (7) can be used to determine the statistical characteristics of strength, X, of the ith lamina [5] . The parameters C r' Or' m and 0'0 represent the influence of fiber statistical distribution, interfacial bonding strength during fracture and failure process. It has been shown [5] that the ultimate tensile strength, X, has an optimum at a certain level of interfacial bonding strength for tensile-controlled applications of polymeric based composites. A value of interfacial bonding strength larger than optimum causes a loss of composite strength due to the dominant increase in local stress concentration, and a value smaller than optimum causes a loss of composite strength due to the dominant increase of the region of influence of the local disturbance (increased bundle length). This prediction [5] is consistent with the experimental measurements for carbon/epoxy composite materials at different levels of surface treatments. The combination of this micromechanical model of strength with the reliability analysis described in the previous section leads to a sensitivity study of interfacial bonding, along with other micro-level parameters related to composite manufacturing, on reliability of composite materials. Although no general model suitable for predicting possible failure process under compressive failure currently exists, results from researchers [7] [8] [9] indicate the dependence of the compression strength on material parameters associated with the constituents and the interfaces between them; they represent contrasting extreme behavior. Nonlinear bending analysis [7] and nonlinear constitutive behavior [8] can be added to the models, and the failure of laminates with plies having different orientations has been considered [9] . These models can be utilized to relate micro-parameters to lamina strengths, and to safety margin through Eq. (1) .
Closure
The proposed method provides a mechanism for combining the fundamental science associated with synthesis, processing, manufacturing, and mechanical response in a model for reliability that can be used by the technical community for engineering applications.
